The sensitivity of existing fouling indices of SDI (silt density index) and MFI (modified fouling index) to a change in particle concentration and properties was evaluated in this study. The MFI formula predicts an increased fouling tendency when the particle concentration increases and the particle size and density decrease. Consequently, concentration, size and density were selected as parameters to examine. For this purpose, silica particles and Aldrich humic acid (HA) were selected as target foulants because of the substantial difference in their size and density. According to this study, both SDI and MFI were sensitive to a change in particle properties of size and density, while MFI was more sensitive to a change in particle concentration than SDI. It is also found that the fouling tendency could be represented better by separate evaluation of T 0 and T 15 than SDI, at which the ratio of T 0 and T 15 is evaluated. T 15 is found to be as sensitive as the MFI for both silica suspension and HA solution. The saline condition increased the fouling index. MFI and T 15 were sensitive to a change in ionic strength. When inorganic and organic foulants were mixed, their relative proportion determined the fouling index values. employed to assess the efficiency of pre-treatment and RO processes. In RO applications, silt density index (SDI)
INTRODUCTION
A major drawback of reverse osmosis (RO) membrane application in seawater desalination is the membrane's susceptibility to fouling (Xu et al. ; Prihasto et al. ) . This is because fouling will lead to higher operational costs such as higher energy demand, increased frequency of cleaning and reduced lifetime of the membrane elements (Pontié et al. ) . Fouling of RO membranes can be classified according to the foulant type: particulate/colloidal fouling, biofouling, organic fouling and inorganic fouling (scaling). Particulate/colloidal foulants mainly include suspended solids and some metal-based hydroxides which can accumulate on the membrane surface in due course and form cake fouling. Microorganisms such as bacteria, fungus or algae can secrete polymers that anchor themselves to the membrane surface, which promotes the biofilm growth.
Organic compounds consisting of humic substances, polysaccharides and aromatic compounds may cause adsorptive fouling. Inorganic fouling or scaling is caused by exceeding the solubility of specific salts. This type of fouling can be controlled by adjusting the pH and adding anti-scalants (Pontié et al. ) .
These potential foulants can be monitored upstream of the RO system in order to predict the fouling tendency of the membrane. Thus, feed water characterization is required as a guide to design pre-treatment strategies in maintaining system performance and eventually extending the lifetime of the membranes. The challenge for feed water characterization will be that general parameters such as turbidity and particle counts applied in water treatment systems have some analytical limitations and also low sensitivity in comparing the water fluctuation behavior of full-scale plants. For that reason, fouling indices are potential of the feed water. The SDI analytical protocol is standardized in the American Society for Testing and Materials (ASTM) D 4189-07. According to ASTM (), this test method is an indication of the quantity of particulate matter in water and is applicable to relatively low (1.0 NTU) turbidity waters. The SDI evaluates the quantity of matter in water, based on fouling variation of a 0.45 μm membrane during a certain filtration time at a constant pressure (207 kPa). The SDI measurement is represented by a number which indicates the plugging rate of the membrane.
The SDI and turbidity are often presumed to be related, but they are not necessarily in correlation. Thus, the SDI increase may not always be associated with a turbidity increase (Mosseta et al. ) . During SDI measurements of eutrophic seawater which was pretreated by an ultrafiltration (UF) or microfiltration (MF) membrane, high levels of SDI values which were not related to particles in the feed water were observed (Iwahori et al. ) .
Through experiments using various types of 0.45 μm filter, it was found that this unexpected phenomenon was caused by adsorption of dissolved organic compounds and other substances inside the pore structure of a filter paper due to the hydrophobic nature of the membrane material.
Modified fouling index
The MFI (modified fouling index) is derived from the SDI and based on the occurrence of cake filtration during a distinct part of the test, which is considered as the dominant fouling mechanism in RO and nanofiltration (NF). The MFI is defined as the gradient of the linear region found in the plot of t/V versus V (Schippers et al. ), where t is the time to collect the filtrate volume V. It is calculated at standard reference values of pressure (ΔP, 207 kPa), viscosity (η 20 W C ) and the surface area of the 0.45 μm microfiltration membrane (A, 1.38 × 10 À5 m 2 ). The fouling index I, in the MFI, is defined as the product of the specific resistance (α) of the cake deposited and the concentration of particles (C b ) in the feed water. The specific cake resistance can be related to cake porosity (ε) and density (ρ p ) and diameter (d p ) of particles forming a cake by the Carman-Kozeny relationship for spherical particles, which then gives the following equation:
Thus, it can be seen that the MFI is a function of the dimension and nature of the particles forming a cake on the membrane, and directly correlated to the concentration of particles in the feed water. Hence, the MFI can be used to characterize and compare the fouling potential of the feed water containing particles.
Despite the wide application of SDI and MFI in seawater RO desalination systems, they sometimes fail to reflect the real fouling susceptibility toward the RO mem- as the ability to predict not only short-term but also long-term fouling of RO modules, to compare performances of different pretreatment methods and to monitor the quality of feed and treated water. Thus, it is critical to fundamentally understand the sensitivity of existing fouling indices toward common foulants under various feed water characteristics. According to the MFI formula, fouling tendency is related to particle concentration as well as particle properties such as size and density. Consequently, the sensitivity of existing fouling indices of SDI and MFI to a change in particle properties (concentration, size and density) was evaluated in this study.
Ionic strength is expected to influence the fouling ten- 
MATERIALS AND METHODS

Materials
Since the composition of synthetic seawater (ASW) is equivalent to natural seawater, synthetic seawater was used in this study. The ASW was prepared by dissolving the compounds The pH of the DIW and ASW after addition of silica particles and/or HA was in the range of 7.6 to 8.3. There was a tendency of increasing pH with increasing HA concentration.
Methods
In order to evaluate the feed fouling potential, the SDI measurement was performed by the standard method outlined in ASTM D 4189-07. Specifically, dead-end filtration at 207 kPa, through a 47-mm diameter MF membrane (Millipore Corp., Bedford, MA) with an average pore size of 0.45 μm was conducted on the feed. The MF membrane was fixed by silicone-O-ring within the in-line filter holder (Millipore Corp., Bedford, MA). The feed water was pumped to the membrane within the in-line filter holder at a constant pressure. The SDI value is then calculated according to the following formula:
where %P 30 ¼ percentage at 207 kPa feed pressure, T ¼ total 
RESULTS AND DISCUSSION
Effect of silica concentration and size
Silica particles of different size were used in the experiments in order to observe an effect of particle size on fouling index.
The hypothesis is that both SDI and MFI would respond to a change in particle concentration (C b ), particle diameter (d p ) and density (ρ). An increase in particle concentration and a decrease in particle size and diameter would increase the values of fouling indices. DIW was used as the feed suspension medium so as to plainly distinguish the fouling effect of These figures showed higher SDI and MFI values for smaller silica particles, indicating that both indices are sensitive to a change in particle size. However, for the experiments to analyze the effect of particle concentration, each index showed a different trend. MFI showed a linear increase with particle concentration, while SDI showed a relatively invariable trend with increasing concentration of silica particles of both sizes. For the same feed concentration, the number of particles in the cake layer would increase noticeably with smaller particles in the feed water (Park et al. ) . Consequently, smaller particles provide larger hydraulic resistance to permeate flow than larger particles, leading to increased value of fouling index. Unlike particle size, different results were observed for an increase in particle concentration. Figure 2(b) shows higher MFI values when silica particles of size 2 ∼ 4 μm were dissolved in the feed suspension. Higher concentration of silica particles caused the fouling index value to increase, with a significant increase when turbidity value was increased to 12 NTU (200 mg/L). The SDI, on the other hand, showed a relatively constant trend with increasing concentration for silica particles of both sizes.
It was suspected that the insensitivity of the SDI to a change in particle concentration was the result of an experimental error. Consequently, T 0 and T 15 were evaluated separately. T 0 values are expected to remain constant regardless of silica concentration and size because these particles are greater than the filter pore size. Although these values were not shown here, they were scattered in the range of 33 ∼ 41 s and there was no definite trend
observed. An experimental error is believed to cause the scattering. On the other hand, T 15 value responded well to a change in particle concentration (Figure 3 ). It increased with the particle concentration. It was also sensitive to a change in particle size. The T 15 value increased almost linearly with silica concentration. If the constant T 0 instead of scattering values were used in the calculation, the SDI would be as sensitive to a change in silica concentration as the MFI.
Effect of organic foulant
The SDI and MFI tests for HA solution were conducted at a concentration in the range of 0.5-10 mg/L. DIW was used as the medium for the feed solution. The fouling index measurements as a function of HA concentration are presented in Figure 4 . The index values were higher for HA solution than for silica suspension, indicating higher fouling propensity of organic foulants. The SDI of silica suspension was less than 5, while it was higher than 6 for HA solution.
Such difference is presumably caused by the smaller size As with the silica suspension, the SDI data were broken down into T 0 and T 15 and the result is shown in Figure 5 . It was originally assumed that T 0 would be insensitive to a change in HA concentration and remain constant because the HA size is substantially smaller than the membrane pore size and it will pass through the pores. According to An increase in ionic strength is presumed to compress the double layer around the particle and membrane surface which results in increased specific cake resistance and increasing adhesion forces of particles to the membrane However, as mentioned in previous publications, when applying the MFI-UF method, Boerlage et al. () reported that the values initially increased with increasing ionic strength reaching a maximum at 0.1 M and then decreased when sodium chloride was added to tap water. In another study, Mousa () found that salt concentration had no effect on the filtration process when sodium chloride (2,000 and 10,000 mg/L) was added to the feed solution.
An effect of ionic strength on the fouling index values was noted when the SDI data for silica particles were 
Effect of organic foulant in the presence of particles
The influence of organic foulant on fouling indices was further investigated in the presence of particle foulants in ASW. The SDI values were measured for varying concentrations of HA solution after adding a fixed amount (50 mg/L) of silica particles (Figure 9(a) ), while the MFI values were measured for varying concentrations of silica suspension after adding a fixed amount (1, 5 and 10 mg/L) of HA (Figure 9(b) ). Figure 9 illustrates SDI (50 mg/L silica, HA concentration varied) and MFI (varied concentration of silica and HA) values when feed water contains both particles and humic acid at certain concentrations. They implied that organic adsorption on the particle surface may be the cause of decreasing fouling index values. They mentioned that organic adsorption on the particle surface caused natural organic matter (NOM) adsorption on the membrane surface and/or within membrane pores to be significantly reduced.
The importance of organic concentration on fouling index was also observed in the MFI measurement. Figure 9(b) clearly shows increased fouling tendency with increasing HA concentration. At low HA concentration, the MFI values showed a consistent decrease with an increase of silica concentration. As added HA were adsorbed onto silica, the MFI values decreased. It is likely that further decrease of MFI values could not be obtained above a silica concentration of 100 mg/L since all HA had already been exhausted. At high HA concentration, the MFI decrease due to silica addition was insignificant probably because the amount of HA far exceeded that of silica.
CONCLUSION
The sensitivity of SDI and MFI to particle concentration as well as properties such as size and density was evaluated in this study. For this purpose, silica was selected as inorganic foulant and HA as organic foulant. According to this study, both SDI and MFI were sensitive to a change in particle size and density. Higher values were measured for smaller and light particles. MFI was found to be more sensitive to a change in particle concentration than SDI, regardless of foulant nature. The breakdown of the SDI data into T 0 and T 15 improved the sensitivity. Separate analysis revealed that T 15 was as sensitive to a change in particle concentration as MFI. Ionic strength increased the fouling tendency.
Higher MFI values were measured for ASW than for DIW. Unlike MFI, SDI was insensitive to ionic strength, but T 15 was as sensitive as MFI. For the mixed solution of silica and HA, their relative proportion determined the fouling index values. The index value was similar to that of silica alone at low HA concentration, while it was similar to that of HA alone at high HA concentration.
